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Herein, we study hydrogen adsorption on graphene, hexagonal boron nitride (h-BN) and their BNC
(boron-nitrogen-carbon) heterostructures by using DFT. Different combinations of carbon and boron nitride
moieties in one sheet, as well as the influence of carbon to BN ratio on the hydrogen adsorption, have been
systematically investigated. We involve theoretical consideration of adsorption energies (E.), electrostatic
potential maps, independent gradient model analysis as well as Monte-Carlo simulations. We have estab-
lished that for the ‘hollow’ adsorption, a minor difference for graphene and BNCs (~ 0.0 (vertical) and 0.1
(horizontal adsorption) kd/mol) exists, whereas BNCs exhibit sufficiently higher E, compared with h-BN
(0.3 and 0.7 kd/mol). For the studied ‘top’ and ‘bond’ adsorption, changes are more pronounced. The excess
reaches 0.4 and 0.9 kd/mol (‘bond’), as well as 0.8 and 1.0 kd/mol (‘top’), for graphene and h-BN, respective-
ly. Hydrogen adsorption isotherms show increased hydrogen uptake by BNCs in comparison with their

pristine counterparts.
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1. INTRODUCTION

Nowadays, hydrogen is considered as one of the most
promising ‘green’ energy sources, because of the fact that
it is abundant in nature, and the product of its combus-
tion is water [1]. To employ the ultimate advantages of
hydrogen as a fuel, a lot of aspects should be carefully
considered. They include massive hydrogen production,
purification, storage, and delivery. The issue of designing
novel materials and systems for Hz storage is of primary
importance. Besides two obvious storage methods, name-
ly He storage in the gaseous form or as a liquid, re-
searchers can highlight two large fields involving solid-
state materials as adsorbents [2, 3]. The physisorption
and chemisorption methods are up-to-date ones, and
each of them has certain advantages and shortcomings.
Basically, they stem from the natural background of
these processes: physisorption, mainly determined by
van der Waals (vdW) forces, is a weak interaction; chem-
isorption is much stronger and is characterized by the
presence of chemical bonds between the adsorbate and
the adsorbent. Therefore, physisorption of Hz on the
adsorbent is very weak and requires low temperatures
and/or high pressures to ensure reasonable storage sta-
bility. On the other hand, physisorption represents a
high degree of reversibility in contrast to chemical ad-
sorption, which suits well for long-term storage.

Graphene [4], a two-dimensional (2D) allotrope of
carbon, is a popular theme of research nowadays due to
its unique structural [5], mechanical [6, 7], electrical
[8], optical [9], and thermal [10] properties. It is a light
material, stable and robust, and, therefore, can be used
as a solid-state adsorbent. Hexagonal boron nitride (h-
BN), a graphene counterpart, has also received consid-
erable attention in many fields of science [11]. Both
well-known nanomaterials have been extensively inves-
tigated in relation to the adsorption of molecules and
nanoclusters [12, 13]. Very recently, 2D hybrids made
from graphene and h-BN moieties have been proposed
and synthesized [14-20]. Although the physics and
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chemistry of interesting hybrid structures are relative-
ly well understood today, the interaction of hydrogen
molecules with their surfaces has been sporadically
reported. We should note our previous work, in which
Hsz adsorption on a hybrid structure with only one het-
erointerface was studied [21]. The recent comprehen-
sive work of Velazquez-Lépez et al. has studied various
BNC coronene-like structures, but their primary aim
was to determine their CO sensor properties [22]. Be-
sides this, the interaction of Oz and NOg2 molecules with
carbon-boron nitride single-walled nanotubes was in-
vestigated [23, 24].

To investigate H2 adsorption properties of BNC heter-
ostructures in detail, in this work, we systematically study
the evolution of graphene towards h-BN via design of the
intermediate structures (Fig. 1). To obtain various BNC
models, we vary B+ N to C atomic ratio (R). Determina-
tion of the optimal doping ratio is of importance for the
increase in the hydrogen uptake by solid-state adsorbents
as we expect significant changes in the electronic density
distribution of BNC structures compared with pristine
graphene and h-BN. We suppose that the interactions
between the permanent dipoles (BNCs) and induced di-
poles (polarized Hz molecules) can give rise to advanced
storage properties of such BNCs. The results could be
specifically significant for promoting the use of hetero-
structures as nanoscale platforms for Hz storage.

2. COMPUTATIONAL DETAILS

Full geometry optimization of all structures has
been performed at the PBE/SVP [25-27] level of theory,
using the Orca 4.1.0 program [28]. The dispersion cor-
rection of Grimme et al. (D3) [29] was used to properly
treat the dispersion interactions. PBE has been shown
to be a very reliable density functional that suits well
for adsorption studies [21, 30-32]. A coronene (C24H12)
molecule was chosen as a graphene sheet model, which
was successfully involved in our previous papers [21,
31] and elsewhere [22, 33]. Many works considered
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Fig. 1 — Graphene, h-BN and BNC models studied in this work. R denotes B + N to C atomic ratio. Atomic color scheme: grey —

carbon, white — hydrogen, blue — nitrogen, light red — boron

a coronene-based model as a minimal model which pre-
serves the properties of graphene [34, 35]. Starting from
the coronene model, we add couples of B and N atoms in
a step-by-step manner. The first BNC model was de-
signed by placing heteroatoms in the central hexagon
ring. The R value denotes (B + N)/C atomic ratio. The
stabilities of all models were investigated by binding
energies (Kp) per atom calculations, according to Eq. (1):

Ey = 1/n x (E;— XE;N;), (@)
where E: is the total energy of the respective BNC
model, N; is the number of the i-th element, E; is the
total anergy of the i-th atom, n is the total number of
atoms in the system [20].

Fig. 2 — Positions of hydrogen adsorption on the graphene
model. Large balls are C atoms, small balls are H atoms. The
central mark (‘hollow’) is used for easy reference

The procedure of adsorption energy (E,) calculations is
as follows. First, all models as well as H2 molecules were
fully optimized at the PBE-D3/SVP level of theory. Then

the geometries of these species were frozen. Second, we
fixed the perpendicular orientation of a hydrogen molecule
relative to the studied systems and investigated ‘hollow’,
‘bond’, and ‘top’ adsorption sites (see Fig. 2).

Third, we fixed the parallel orientation of hydrogen in
relation to the adsorbents’ planes and studied the same
adsorption sites. The distance between Hz and all studied
models (d) is defined as the length of a perpendicular line
dropped from the hydrogen center-of-mass to the plane of
the studied system. Finally, we varied the distance from
5.5 to 2 A and calculated single-point E, using Eq. (2):

E. = E(adsorbent/Hz2) — E(adsorbent) — E(H2), (2)

where E(adsorbent/Hs2), E(Hz), and E(adsorbent) denote
the single-point energy of the Hz/adsorbent complex,
the total energy of the hydrogen molecule and the ad-
sorbent, respectively. In all calculations made with
Egs. (1), (2), negative values were obtained, indicating
that the species formed are more stable than their
separate constituents. We then drew the Eq. vs. d plots
of a Lennard-Jones type for all studied models, the
minima of which correspond to adsorption energies (see
Fig. 3 as an example).

In order to obtain hydrogen adsorption isotherms, we
used grand canonical Monte-Carlo (GCMC) simulations
following the Metropolis’ sampling scheme [36, 37]. The
universal force field was employed [38]. The tempera-
tures (7T) were fixed at 77 and 300 K. The pressures (P)
from 10 kPa to 10 MPa were used. Periodic boundary
conditions (PBC) were applied to all models. The in-
plane cell parameters were 25.56 and 14.76 A, while the
lattice constant in the z direction was 25 A. To visualize
all studied structures, we used the Chemcraft software
[39]. The Multiwfn 3.5 program [40] was used for the
independent gradient model (IGM) analysis [41, 42].

04026-2



HYDROGEN PHYSISORPTION ON BNC HETEROSTRUCTURES ...

3. RESULTS AND DISCUSSION

We start from the analysis of the structural stabil-
ity of the adsorbents studied herein. The binding ener-
gy per atom (Ep) for every model was calculated using
Eq. (1) (Table 1).

The definition of Ep represents a measure of the co-
hesive strength of adsorbent models. Higher absolute
values of Ep correspond to a stronger cohesive strength
of the system, and, thus, define a higher structural
stability. The obtained results (see Table 1) show that
the graphene model has the largest negative Ep of
— 7.48 eV/atom, and, therefore, it is the most stable. To
check that our DFT-D3 results are not spurious, we

JJ. NANO- ELECTRON. PHYS. 13, 04026 (2021)

perform comparison with earlier predictions as well as
available experimental data. The Ep energies are in the
range from —-7.2 to —7.9 (theory) [43,44] and
—7.43 eV/atom (experiment) [43]. We found out that
the obtained results are in a very good accordance with
those previously reported.

The h-BN model has the lowest Ep value of
—5.87eV. For these structures, less reliable experi-
mental data exist. The result of Albe of —6.527 for
h-BN [45] and the experimental value for cubic-BN of
— 6.6 eV/atom [46] are also close to our value. It pre-
sumes lower structural rigidity than that of graphene.
The Ep» values for other studied systems fall between
them (Table 1).

Table 1 — Binding energies (Ep) per atom (eV) for the studied adsorbents

C24 | BIN1 | B2N2 | B3N3 | B4N4 | B56N5 | B6N6 | B7N7 | BSN8 | BOIN9 | BI1I0ON10 | B11N11 | B12N12
-748 | -730|-714|1-7.01 | -685|-6.70 | —6.56 | —6.44 | —6.33 | —6.21 —6.10 —5.98 —-5.87
C24
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Fig. 3 — Eq vs. d graphs of a Lennard-Jones type for C24 (a), B6N6 (b), BI12N12 (c). The position of Hs adsorption is the ‘hollow’,

vertical one

04026-3




D.V. BoGDANOVICH, A.I. TSAR’KOVA, I.K. PETRUSHENKO

It is worth noting that graphene has the largest
structural stability among BN-substituted species be-
cause of m-electron delocalization effects as it was ob-
served earlier [20]. As a whole, all studied adsorbents
exhibit negative Ep values that confirms their structur-
al stabilities. We further study the hydrogen adsorption
on the employed models (Fig. 1). The case of graphene
is used as an example. There exist six possible configu-
rations for hydrogen adsorption: three vertical positions
(‘hollow’ (in the center of a six-membered ring), ‘bond’
(in the center of the C—C bond), and ‘top’ (on the C at-
om)) and three horizontal positions (Fig. 2). When the
vertical orientation of the molecule is considered, it is
perpendicularly placed to the plane of graphene.
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Fig. 4 — Ea vs. R graphs for vertical (a) and horizontal (b)
adsorption (‘hollow’ adsorption). R denotes B + N to C atomic
ratio. The red circle denotes B12N12
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On the other hand, the horizontal orientation includes
parallel mutual location of hydrogen and graphene.
Fig. 4 shows the adsorption energies of Hz on all stud-
ied sheets in dependence to R. We check two adsorption
positions, vertical as well as horizontal one, depending
on the mutual arrangement of the hydrogen molecule
and the adsorbent.

For graphene, the horizontal approaching is slightly
more energetically favorable in comparison with the
vertical one. The equilibrium distances between hydro-
gen molecules and the adsorbents in both cases are in
the range of 3.0-3.1 A. On the other hand, the vertical
adsorption is more favorable for h-BN. For the vertical
adsorption, the observed E. values fall between gra-
phene and h-BN values. B and N doping does not im-
prove adsorption in this case. We can see some oscilla-
tions for Eq in the case of horizontal adsorption (the field
of R<2), however, they represent almost equal values.
Ongoing to larger R values, one can see more separate Eq
values, and the interaction between H2 molecules and
adsorbent models gradually decreases. The major changes
are attributed to the incomplete replacement of C atoms
in six-membered rings. Besides this, the propagation of B,
N substitution to the peripheral rings does not substan-
tially change the E. values. The IGM approach will help
us interpret the cause of that, as we will see below. The
highest E, values are —5.85 and —6.08 kJ/mol for gra-
phene and B3N3, respectively.

Fig. 5 shows a more diverse scene: we can easily de-
tect the separate minima for certain heterostructures.

We study vertical adsorption as well as approaching
of two horizontal H2 adsorptions, when the axis of the
Hz molecule is along the underlying adsorbent bond
(horizontal adsorption 1) and is perpendicular to it
(horizontal adsorption 2). The BI1N1 (vertical adsorp-
tion) and B2N2 (two cases of horizontal adsorption)
models present the largest absolute Eq values of — 5.78
and — 5.45, — 5.37 kd/mol, respectively. As a whole, all
three graphs are similar, except the distinct maximum
for B6N6 in the case of vertical adsorption. For R >4
values we observe the nearly equal results.

Finally, we study ‘“Top’ adsorption. We highlight one
vertical position (over the B atom for heterostructures)
as well as two horizontal ones, which imply two mutu-
ally perpendicular orientations of the hydrogen mole-
cule related to underlying B, N, or C atoms (Fig. 6). We
can note the similar feature for three graphs, namely a
plateau-like branch of the graphs when R > 4.

42—
a4
45

a2

Fig. 5 — Eq vs. R graphs for vertical (a), horizontal 2 (b) adsorption (‘bond’ adsorption). R denotes B + N to C atomic ratio. The red

circle denotes B12N12
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It corresponds to the case when the central ring of
graphene is fully substituted, and we further propagate
the B and N atoms introducing to peripheral area of the
initial graphene model. Besides this, some controver-
sial results are obtained for graphene and h-BN struc-
tures. For vertical adsorption, E. (graphene) > Eq (h-
BN); for the cases of horizontal adsorption, we observe
the reverse situation. Such a diversity of adsorption
energies was reported earlier. For example, the work of
Mpourmpakis et al. specially studied boron nitride and
carbon nanotubes to figure out, which nanotubes are
preferable for the Ho adsorption [47].

For the vertical adsorption on BIN1, maximal E, of —
5.78 kJ/mol was obtained. The calculated Eq for horizon-
tal 1 and horizontal 2 adsorption are equal to —5.58
(B2N2) and — 6.12 (B5N5) kd/mol, respectively. All these
structures are composed of six-membered rings, which
include B, N, and C atoms rather than ‘pure’ carbon or
boron nitride rings. To validate our results, we compare
them with this experimental value of
— 4.6 kd/mol obtained by Mattera et al. [48]. We collect all
E, obtained and determine the lower and the upper limits
as ~—5.4 and — 6.1 kJ/mol, respectively. To directly com-
pare our theoretical predictions with experimental data,
we must correct Eq values by adding the zero-point energy
(ZPE) of the adsorbed H2 molecule, which is determined to
be ~0.6kJ/mol [49]. The lower corrected value, —
4.8 kJ/mol, is in very good agreement with the experi-
mental result. Other results obtained herein are some-
what higher, which is in line with previous observations
that the dispersion corrected DFT methods overestimate
E, energies. However, the present results are rather close
to the experimental value in contrast to DFT-D results of
— 9.5 kd/mol obtained elsewhere [50]. They are also in line
with the series of results of Costanzo et al. (vdW-corrected
PBE functional), which indicates good agreement of the
obtained data with the experimental result [49]. An im-
portant issue we should mention is the so-called basis set
superposition error (BSSE) correction. As our results are
in good agreement with those obtained experimentally or
by more sophisticated quantum-chemistry methods like
CCSD(T) [51] and MP2 [52], we do not employ any BSSE
correction.

It is important to note that we deliberately introduce
heteroatoms into the graphene framework, and, thus,
design heterostructures. Despite the fact that graphene
and h-BN are quite similar in their characteristics (Eq),

(a) Graphene (0.0002)

&

(c) B5N5 (3. 2110)

a2 of
ey
>

(e) BON9 (0.7256) () B12N12(h-BN) (0.0094)

Fig. 7 — Calculated EPMs of pristine graphene (a), BSN3 (b),
B5N5 (c), B6N6 (d), BIN9 (e), B12N12 (f) mapped with the
0.0004 a.u. isodensity. Red and deep blue colors represent the
most negative and most positive regions of electrostatic poten-
tial, respectively. Atomic color scheme: grey — carbon, white —
hydrogen, blue — nitrogen, light red — boron. Dipole moments
(Debye) are given in parentheses

(b) B3N3 (0.0097)

(d) B6N6 (0.01092)
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one can reshuffle carbon and boron nitride moieties, and,
thus, obtain heterostructures which may exceed adsorp-
tion properties of pristine counterparts. In such a way
we attempt to change the local dipole moments on the
surface of adsorbents and enhance interactions. We
make the electrostatic potential maps (EPMs) for several
involved models to illustrate the changes introduced by
heteroatoms doping.

A uniform distribution of electron density can be clear-
ly observed in the central area of graphene (see Fig. 7a).
An electron-depleted central area can be observed for both
B3N3 and B6N6. However, for BEN6 we may note three
distinct separate electron-rich areas. In some cases, hy-
drogen adsorption on these structures yields maximal Eq
(Fig. 6). BON9, in turn, exhibits the irregular pattern in
electronic density distribution. In general, its adsorption
behavior is much closer to that of h-BN.

The latter is characterized by an almost uniform
distribution of electron density in the central area
(Fig. 7f). A variety of magnitudes of the dipole moments
can be observed for the studied structures. B5N5, for
example, exhibits the largest dipole moment as well as
the superior E, value. Such an increase in the dipole
moment of several models can enhance the polarization
term, which is a part of the well-known expression [53]:

9(2) = 9D + QR + QP + Pru + QFQ, 3)

where @(2) is the total energy of a physisorbed hydro-
gen molecule at a distance z from an arbitrary adsor-
bent surface; @b, @r, represent attractive (dispersion)
and repulsive energies, respectively; ¢p, @r., and @rg
are the energies of polarization, field-dipole, and field
gradient-quadrupole interactions, respectively. It is
worth noting that it is @p term which adds the main
contribution to @(z) in the case of H2 adsorption. An
increase in the magnitude of @p for some structures
leads to an increase in respective Eq values.

To illustrate the Ho/adsorbent interactions, we use
IGM analysis, which has been recently proposed [41,
42]. It clearly describes non-covalent interactions be-
tween molecules, namely vdW dispersion interactions
and hydrogen bonding. In the present work, we take
advantage of this analysis, and clearly display the are-
as of non-covalent interactions in the physisorbed sys-
tems. The isosurface color maps for non-covalent inter-
action of hydrogen with graphene, h-BN (see Fig. 8 as
an example), and the B6N6 model are shown in Fig. 9.
For all adsorbents involved, it can be observed that a
green isosurface region between the hydrogen molecule
and the respective adsorbent exists, demonstrating the
vdW interactions between them.

It is impossible, however, to directly assess the in-
teraction strength by visual observation of the size and
shape of isosurfaces owing to rather moderate E, dif-
ference. We, therefore, refer the reader to Fig. 4-Fig. 6.

Besides this, we use IGM analysis to establish the
facts that 1) the peripheral H atoms of the adsorbent
have zero impact on the He/adsorbent interactions, and
ii) the only underlying neighbor atoms of the adsorbent
influence those interactions. The blue color of atoms
indicates the marginal impact on these interactions,
whereas green color denotes the stronger interplay.
Red color of H atoms belonging to the Hz molecule

JJ. NANO- ELECTRON. PHYS. 13, 04026 (2021)

Fig. 8 - IGM of Hz/h-BN adsorption: top view (a) and side
view (b). Blue atoms — N, red atoms — B, white atoms — H. The
non-covalent interactions area is in light green. Impact of
individual atoms on non-covalent interactions: top view (¢) and
side view (d). Red color — the strongest impact, green — the
intermediate impact, blue — minimal impact

reflects the strong involvement of these atoms to the
interactions. One can easily see that the H atoms of
adsorbents have little, if any, influence on the phy-
sisorbed Hz molecules, which confirms the validity of
the involved models. It can be established that a par-
ticular hydrogen molecule undergoes the impact of a
very limited number of adsorbent atoms.

The adsorption energy values obtained above via the
DFT-D3 calculations show a clear influence of B, N doping
on the hydrogen adsorption. However, we additionally
should consider the effects of temperature (7) and pres-
sure (P) on physisorption. To get deeper insight into the
influence of the adsorbent stoichiometric composition on
the H2 uptake, we have performed the GCMC simula-
tions. To this end, four model structures, namely gra-
phene, h-BN, and two BNC heterostructures (BNC-1 and
BNC-2) have been designed. They and their EPMs are
depicted in Fig. 10. BNC-1 and BNC-2 are made using
‘semi-open’ six-membered cycles, which include B, N, and
C atoms, and ‘closed’, borazine-like cycles, respectively.
These adsorbents are expected to achieve high hydrogen
capacity. The calculated adsorption isotherms (loading vs.
P) for Hz at T'="77 and 300 K are shown in Fig. 11.

For T'=300 K, the adsorption isotherms represent
nearly linear relations between the loading (number of
molecules per supercell) and P (Fig. 11). For this case,
we can note a very small difference between studied
structures as loading is very moderate in all cases. At
high pressures (10 MPa), the values for h-BN and
BNC-1 are slightly higher than those for graphene and
BNC-2 (Fig. 11a). The character of the adsorption iso-
therm for graphene is very close to that derived exper-
imentally as described elsewhere [54]. As is expected,
the hydrogen uptake at 300 K for all studied adsor-
bents is rather poor.
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¢

Fig. 9 — IGM top view of Hs/graphene (a), Ho/h-BN (b) and H2/B6N6 complex (c). Impact of individual atoms on non-covalent
interactions. Red color — the strongest impact, green — the intermediate impact, blue — minimal impact

SSesesacece
20202020202,
23355525
92020202920

Fig. 10 — BNC-1 (a) and BNC-2 (b) models used for GCMC calculations. Atomic color scheme: grey — carbon, white — hydrogen,
blue — nitrogen, light red — boron. EPMs for BNC-1 (¢) and BNC-2 (d) models. Red and deep blue colors represent the most
negative and most positive regions of electrostatic potential, respectively. Atomic color scheme: grey — carbon, white — hydrogen,
blue — nitrogen, light red — boron

T=300 K T=77K
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T £
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(a) 72=0.97 (4), 0.98 (x), 0.99 (A), 0.99 (m) (b) r2=0.96 (#), 0.99 (x), 0.97 (A), 0.99 (mw)

Fig. 11 — Hydrogen adsorption isotherms on graphene (¢,
black), h-BN (X, light blue), BNC-1 (m, magenta), BNC-2(A,
green) simulated with the GCMC method at 300 K (a), 77 K
(b), respectively. The r2 values denote correlation coefficients
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The main reason is the weak adsorbent/H: interac-
tion due to the lack of strong binding sites. As a whole,
at room temperature, the physisorption on graphene,
h-BN or GBNCH is not able to provide adsorption ca-
pacity for efficient hydrogen storage. Fig. 11b shows
the Hz adsorption isotherms at 7'= 77 K. The difference
between pristine models as well as BNC ones is much
more expressed. Two BNCs yield the largest Hs adsorp-
tion ability among four models. For P=10 MPa, the
advantages of the newly designed models achieve ~ 2 %
over h-BN, and ~ 5 % over graphene (Fig. 11b).

As we saw above, the peculiar enhancement at-
tributed to permanent dipole-induced dipole interac-
tions was localized in the vicinity of B or N atoms, and
the increase in Hs uptake is moderate. However, in
contrast to Li-, V-, Ti-decorated graphenes (see, for
example, the review of Tozzini and Pelligrini [3]), there
is no need for further changes in the BNCs structures.
This makes it easier to use structures such as Hs stor-
age systems.

4. CONCLUSIONS

All in all, we perform a DFT-D3 study of hydrogen
adsorption on BNC heterostructures to explore system-
atically their usage as Hz adsorbents. All studied model
BNC structures turn out to be stable, although they are
slightly less stable than pristine coronene, representa-
tive of graphene. Descriptors related to the hydrogen
storage ability of these materials: hydrogen adsorption
energies (Eq) for different positions of adsorbate mole-
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®i3copobiia Boguio Ha rerepocTpykrypax BNC: cucremaTudne TeopeTUYHE HOCIiIKeHHA

D.V. Bogdanovich, A.I. Tsar'kova, I.LK. Petrushenko

Irkutsk National Research Technical University, 83, Lermontov St., 664074 Irkutsk, Russia

Mu BuBYaemo ajcop0irio BogH Ha rpadeni, rekcaronasbaoMy HiTpuai 6opy (h-BN) Ta ix BNC (Gop-
a30T-ByIJIellb) reTepocTpykTypax 3a gomomoroo DFT. CucremaTrnyso mociiipryoThes pisHi KoMOiHALIT 3a-
JIUIIKIB ByTJIEIf0 T4 HITPULY OOpy B OZHOMY Iapi, a TAKOK BILINB BigHouIeHHs Byrierio no0 BN Ha amcop-
01110 BOAHIO. 3aJIyueH0 TeOPEeTUYHUHN PO3TJIAL eHepriit agcopoiii (Fq), KapTh eJIeKTPOCTATUYHOTO IIOTEeHITI-
ajy, He3aJIedKHUIM aHaJi3 TpajieHTHOl Mojesl, a Takosk mopenoBanus Monre-Kapso. Beranosieno, o
mutst ‘hollow’ amcopOuii icHye HeaHauHa pisawui s rpadeny ta BNCs (~ 0,0 (Beprukasnsua) ta 0,1 (ropu-
3oHTaNbHA azcopbirisa) k/s/moin), Togi sk BNCs memomcTpyooTh gocTaTHbo BuIlly E, mopiBHaAHO 3 h-BN
(0,3 Ta 0,7 x/I/Mosn). Jaa mocmimxysanoi ‘top’ Ta ‘bond’ amcopOirii aminm e 6iybin Bupasxkenumu. Hamgm-
mok carae 0,4 ta 0,9 x/[:x/moius (‘bond’), a Tarosk 0,8 ta 1,0 xJlsx/mons (‘top’), nmasa rpadeny ta h-BN Bixrmo-
BimHO. I30TepMu amcopObIrii BOAHIO JeMOHCTPYIOTH IiABHINeHe morauHaHHa BogHIO BNCs y mopiBHAHHI 3

IIEpPBUHHNMH aHAJIOTaMHU.

Kmiouosi cnosa: DFT, I'erepoctpykrypa, ['paden, Amcop0Oirisa, 30epiraHHsa BOIHIO.
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